Scattering experiments are fundamental for structure analysis of matter on molecular, atomic and sub-atomic length scales. In contrast, it is not standard to demonstrate optical scattering experiments on the undergraduate level beyond simple diffraction gratings. We present an inexpensive Mie scattering setup manufactured with 3D printing and open hardware. The experiment can be used to determine the particle size in dilute monodisperse colloidal suspensions with surprisingly high accuracy and is, thus, suitable to demonstrate relations between scattering measurements and microscopic properties of particles within undergraduate lab course projects.
chemistry, and biology, since they are used to investigate the microstructure of matter on many length scales [3, 4] .
An important representative of scatter experiments is Mie scattering, that is, the scattering of visible light by particles whose extension is similar to or larger than the wavelength of the incident light. Mie scattering is not only the physical effect underlying widely used measuring instruments, but it is also the origin of common phenomena such as the white color of clouds [5, 6] or the optical properties of suspensions and emulsions such as milk or latex paint, e.g. [7] . Therefore, an introductory Mie scattering experiment for classroom use would be desirable. Unfortunately, commercially available lab equipment for quantitative measurement based on Mie scattering is rather expensive.
For clarification, we note that the term 'Mie scattering' as introduced above does not refer to an effect or process discovered by Mie. Instead, Gustav Mie solved Maxwellʼs equations for an electromagnetic plane wave interacting with a homogeneous sphere [8] . Therefore, a more appropriate term would be 'Mie theory of light scattering'. Historically, the same problem was considered by Lorenz before and published in Dutch [9] , thus, sometimes the solution is referred to as 'Lorenz-Mie theory'. More about the interesting history of findings on light scattering can be found in the 'historical postscript' (section 3.4) of [10] and in [11] . Mieʼs and Lorenz's solution apply to any ratio of wave length and particle size, however, only for cases where the sphere is larger or similar to the wavelength, it is useful for the explanation of observed phenomena like the color of clouds. While strictly, Mieʼs solution applies only to the scattering by a single sphere, its generalization to cylinders, spheroids and dilute suspensions and emulsions of polydisperse particles is frequently also called Mie scattering. Thus, our definition of 'Mie scattering' given above is not perfectly exact in several respect, however it agrees with a large body of scientific and textbook literature.
In this article we present an inexpensive Mie scattering experiment manufactured with rapid prototyping and open hardware. The experiment can be used for demonstration of Mie scattering in the classroom as well as for student lab courses. We illustrate its practical usage by determining the size of particles in a dilute suspension.
As supplementary material [12] we provide all information to build and operate the experiment, including the files for 3D printing, a list of components with suppliers, the necessary software and additional information which may be helpful for calibration and sample preparation. 
Mie scattering
The basic setup of the experiment is sketched in figure 1 : a LASER illuminates a thin sample filled with a dilute monodisperse suspension of spherical particles such that the light is scattered by only a few particles in the plane perpendicular to the optical axis. A detector with small sensitive area is then used to measure the intensity of the scattered light as a function of the angle α between incident and scattered light. The theory by Mie [8] (see also, e.g., [10, 13] for better accessible textbook presentations) describes the scattering of light by a single sphere. For the analytic treatment of the problem, first the Maxwell equations are solved for a plane wave in the presence of a spherical dielectric to obtain the far-field solution of the scattering cross-section as a function of the wavelength and particle diameter. One obtains the scattered intensity as a function of the scattering angle α a a a
where S 1 and S 2 are functions of the refractive indexes of the particles and the ambient medium, n sph and n med , the magnetic permeability, μ, and the ratio p l n d 2 med ( ) of particle diameter, d, and wavelength, λ. The latter dependences allows us to determine the particle size, d, by means of Mie scattering experiments [14] . As an example figure 2 shows a S tot ( ) for m = d 3 m and l = 635 nm. The full solution for S tot can be written as a series expansion with coefficients in terms of spherical Bessel and Hankel functions. In our experience this is beyond the average undergraduate level and typically requires a very clear and detailed derivation, when taught to students. However there exist excellent mathematical derivations in the literature [15, 16] .
Since we want to focus on the experimental issues, we use available open source programs, e.g. [17, 18] , to compute the functions a S tot ( ) and a S ( ), â S ( ), i.e. the scattering intensity of the parallel and perpendicular polarized component of the scattered light relative to the detector plane, for given parameters of the experiment. In particular, we can compute the values of α where a S ( ) and â S ( ) assume their local extrema (see figure 2(b) ). The positions of these extrema allow us to determine the diameter of the particles in the suspension. In the following when we refer to a S ( ) without lower index, the corresponding statement refers equally to a S tot ( ), a S ( ) and â S ( ).
Experiment

Idea of the measurement
As explained in the preceding section, the intensity of the scattered light, a S ( ), as a function of the scatter angle (figure 2) depends on the particle size. Therefore, in order to determine the particle size, we have to find the optimal value of the particle size for the theoretical curve such that a S ( ) obtained from an experiment agrees with the corresponding theoretical function. For the measurement, we are faced with some problems.
i. For a fine angular resolution of a S ( ), we have to measure the light intensity in small steps of α, where each measurement should be repeated several times to reduce statistical scatter. Therefore, to determine the particle size for a single target, a large total number of measurements of the light intensity with a precise value of α is needed. This suggests an automated experiment whose setup is described in section 3.2.
ii. The experimental function a S ( ) will deviate from the ideal theoretical function for several reasons which will be discussed in section 3.5. While the absolute deviations between theory and experiment may be considerable (see, e.g., figure 8(b) below), the values of α corresponding to local extrema of a S ( ) agree very well and are, thus, characteristic for the particle size. Therefore, we determine the particle diameter from the values of α corresponding to local extrema of a S ( ). Figure 2 shows that these extrema correspond to slightly different values of α for S andŜ . Therefore, a revolvable polarization filter is used in the experiment to discriminate S andŜ , see section 3.4.
iii. The intensities of the higher order extrema are orders of magnitude smaller than the zeroth (figure 2) such that inhomogeneous background illumination as typically found under classroom conditions precludes an accurate measurement of a S ( ). Therefore, we have to correct for inhomogeneous background illumination, see section 3.4.
A set of Python scripts [12] was developed for the control of the experiment, including the calibration and the data acquisition. These programs control servo motors, the LASER module and read the light intensity signal from a photodiode, as explained in the following section.
3D printed experimental setup
The experimental setup shown in figure 3 consists of a solid mount that holds the LASER light source, the sample, a servo motor for the angular adjustment of the detector and an Arduino Uno which is used for servo movement, LASER and photodiode control and data readout. The servo motor carries a second mount that holds the photodiode detector and a small servo motor which turns a polarizer in front of the detector.
The mechanical mount of the experiment consists of four parts, manufactured by 3D printing (all parts appearing in white color in figure 3 ), whose details are given as supplementary material [12] , including the files needed for 3D printing. Using 3D printers and an open design to construct the mount, instead of a traditional workshop, greatly reduces the amount of required manual labor and does not require the reader to redesign the experiment. In order to measure the intensity of the scattered light as a function of α the larger servo motor rotates the detector. To select the desired polarization for a S ( ) and â S ( ), the smaller servo motor turns a round polarization filter foil. Since the LASER emits nearly linearly polarized light, it is assembled using a polarizer such that it is oriented 45°relative to the path of the detector. Consequently, similar intensities will be observed for the parallel and perpendicular scattered light.
The circuit diagram for connecting the components to the ARDUINO is shown in figure 4 and the complete list of all components is provided online [12].
Preparation of the sample
Mie theory is based on the assumption that the incoming light interacts with a single homogeneous spherical scatterer. Therefore, we prepare a flat cell that contains only a thin section of particle suspension, in direction of the incoming LASER beam to reduce multiple scattering from the particles. We put a small drop of the sample solution on a microscope slide where two stripes of cellotape are used as spacers for a cover glass of thickness <0.17 mm. Finally, the cell is sealed by means of epoxy glue. The width of the cell is approximately 0.14 mm due to the thickness of the cellotype spacers. An image of the sample is shown in figure 5 .
In the experiments presented here we use suspensions of polystyrene particles of size m = The coefficients of variance for the particle diameter are values provided by the particle manufacturer.
Calibration of the orientation of the polarizer
We position the detector manually such that a » 0, that is, the detector measures the intensity of the incoming LASER beam. To calibrate the angular control of the polarizer, the servo motor turns the polarizer in small steps of about 1°from the minimum to the maximum position. At each position we measure the light intensity. Since the photocurrent is rather small and to account for electronic noise, we average over at least 200 such measurements for each orientation of the polarizer. From this calibration procedure we find the orientation j of the polarizer for which the measured intensity is maximal. This is the orientation of the polarized light emitted from the LASER, which is mounted at 45°, as described above.
Analogously the position where the intensity is minimal gives the angle j^, where the polarizer is perpendicular to the LASER polarization. The control signal of the servo is then calibrated from j j -= ^ 90 . To measure S we then set the polarizer to j + 45 and likewise to measureŜ to j -45 . The range of the servo motor is approximately 180°such that independently of the initial orientation of the polarizer we always find j and j^.
Calibration of the detector position
Since the relation between supplied control signal and servo angle varies for different servo models, the angular position of the servo first has to be calibrated. This could be done manually using a ruler. However, the mechanism of the detector allows a much faster automatic calibration using an optical grating. A simple compact disc (CD) can be used as an optical grating [21] to keep costs low, see figure 6 . We remove all non-transparent layers, including the reflecting layer from the CD using cellotape. A small piece from the outer rim of a CD is cut out and attached to a microscope slide. When this sample is placed in the sample Figure 6 . Preparation of the sample for calibration of the detector position from a compact disc (left). The orientation of the cut-out (right) is equal in both images. holder (figure 3), the diffraction pattern is adjusted such that it is horizontal, i.e. in line with the accessible positions of the sensor. Knowing the line spacing of a CD ( m = l 1.5 m for 80 min CD-R) and the LASER wavelength, l = 635 nm, the angular scale can be calibrated by means of the diffraction peaks of zeroth and first order at angles a = 0 and a l = l arcsin( ). To obtain a good contrast, the polarizer is rotated such that j j = to maximize the intensity of the incoming light.
Correction due to the water-glass-air interface of the sample
Mie theory describes the scatter of light in a dilute suspension of monodisperse particles. In our experiment we have, however, a slightly more complex situation. The optical path of the light emitted by the LASER crosses several interfaces as sketched in figure 7 , namely (the markers refer to the sketch):
A. the incoming beam crosses an air-glass interface at the outer side of the microscope slide, B. the incoming beam crosses a glass-liquid interface at the inner side of the microscope slide, C. the scattered light crosses a liquid-glass interface at the inner side of the cover glass, D. the scattered light crosses a glass-air interface at the outer side of the cover glass.
For quantitative comparison of the measurement and Mie theory the diffraction of the light at these interfaces shall be considered, according to the law of refraction. The interfaces due to the microscope slide, A and B, are irrelevant since they are perpendicular to the LASER beam.
The parallel shift of the beam at the cover glass can be neglected given that the ratio of the thickness of the cover glass and the distance between the cover glass and the detector is small ( »´-0.17 mm 40 mm 4 10 3 ). Therefore, the interfaces C and D can be considered as one water/air interface. The relation between entrance angle α and exit angle β is then easily computed from the law of refraction ⎛ 
Only extrema of the intensity for which a a a -< < crit crit can be exploited for the measurement of the particle diameter since higher order extrema are not accessible.
Comparison of experimental and theoretical results
Following the descriptions in sections 3.1-3.6 we measure the scatter intensity for a system with the parameters given in table 1. The function b S ( ) is obtained by sweeping the detector over the entire angular range limited by mechanical constraints of the servo motor, b -90 90 , in steps of b D = 1 . At each position we measure the difference of light intensity for the LASER switched on and off, in order to account for inhomogeneous background illumination. As in section 3.4, to account for electronic noise, we average over 200 such measurements for each orientation. Like in a lock-in amplifier, this procedure very effectively removes noise which is not synchronized with the sample rate. The suppression of noise can be enhanced by choosing a larger number of samples, which corresponds to a decreased bandwidth setting of a lock-in amplifier. For the measurement, the polarizer is set fixed to measure either S orŜ . The intensity of Mie scattering, a S ( ), is then obtained via equation (2) . Figure 8 For some values of α considerable deviations between theory and experiment appear due to the finite variance of the particle diameter of the suspension 1 , the finite size of the LASER beam and the photodiode (»1 mm) as well as superimposed diffuse scattering, that is, scattering by more than one particle in the suspension. The latter effect becomes particularly pronounced for small particles. This might be reduced by reducing the concentration. However, in our experiments no improvement of the measured signal before losing several extrema due to the reduced intensity was observed. Despite the differences in absolute Concentration of the suspension (mass/volume) intensity, we find good agreement between Mie theory and experiment regarding the positions of local extrema of a S ( ) up to a precision 1 , see figure 9 . This good agreement allows a reliable measurement of the particle sizes based on the positions of the local extrema, as explained in section 4. } can be conveniently computed by means of available programs, e.g. [22] . The choice of the parameters d , min d max follows from the minimum and maximum of the expected particle size used in the experiment and Dd determines the precision of the measured value of d.
Example
As an example measurement, we investigate a dilute suspension of polystyrene particles of size m = d 4.52 0.15 m ( ) in water [20] (parameters given in table 1) and obtain the intensity a S ( ) shown in figure 10 . We perform a spline fit to smoothen the data (see inset in figure 10 ) and obtain local extrema of a S ( ) for a = 17. . Similar to the approach in [16] , the accuracy of the measurement is deduced from the width of the minimum valley of the fit (see horizontal arrows in figure 11 ). Taking the experimental accuracy and the variance of particle diameter into account this result agrees with the data provided by the manufacturer of the suspension [20] , 
Summary
We present an inexpensive Mie scattering experiment which allows the measurement of particle sizes in monodisperse colloidal suspensions to a surprising precision. The main body of the experiment is manufactured by means of 3D printing. Together with all other components such as LASER module, servo motors, ARDUINO microcontroller, power supply, polarizer sheet and small components such as wires, screws, etc the total cost of the experiment sums up to about 50 EUR. This amount does not include the required suspension [12] . For facilities which do not own a 3D printer we recommend manufacturing parts at a FabLab.
In our institute, we use the experiment in the classroom as a demonstration experiment and also in one-day undergraduate lab courses. Constructing the setup requires basic electronics, optics and manufacturing techniques, all of which are on the entry level. Moreover, each task can be distributed individually among a group of students. Therefore, we use the experiment also as a short lab course project for a small group of 2-3 undergraduate students where the setup of the experiment (hardware and software) is included as part of the lab project. As supplementary material we provide the files for 3D printing, the full list of required components and materials, detailed hands-on instructions, the Python scripts for the control of the experiment and data processing and links to the programs needed to compute a S ( ) due to Mie theory.
In an extended lab course the experiment could be improved in several aspects.
i. The local extrema of S andŜ correspond to different values of α. Therefore, it would be desirable to use also â S ( ) to improve the data used for the computation of -k Mie ex || | | according to equation (4) resulting in a higher reliability and precision of the measurement. In practice however, we found only little difference between S andŜ since for our experimental parameters both scattering intensities are very similar (see curves in figure 2) . However, this difference increases with the difference of n med and n sph . ii. Shielding the experiment from the ambient light could improve the contrast such that further extrema of a S ( ) could be identified. Performing the experiment in a closed box would, however, not allow to observe the progress of the experiment and the experiment might be considered as a 'black box'. Also, since the measured photocurrent is typically in the order of 10 nA a better analog-to-digital converter than provided by the ARDUINO is recommended here, to avoid clipping of the signal. iii. The range of particle diameter, d, which can be determined by this experiment is limited from both sides: for small d, the local extrema correspond to large values of α such that the intensity, a S ( ), drops to very small values already for the first orders, see figure 8 (b). Moreover, only a small number of extrema can be observed because of total reflection for values a 48.75 , see section 3.6. For large d, the local extrema come rather close, such that the precision of the servo motors are not sufficient to precisely measure the angles corresponding to local extrema. A simple solution to increase the interval for d would be to use light from more than one LASER of different color, possibly outside the visible interval. This improvement would cause extra costs and possibly safety issues. iv. The interval of d can be extended towards larger values by replacing the servo motor by a stepper motor which operates at much better precision. Additionally this requires an aperture to reduce the angular acceptance of the photodiode and better focusing of the LASER. These improvements are simple as well, but would require some extra effort regarding hardware and software and extra costs, in particular due to the driver for the motor.
While all these extensions are rather basic in this paper it was our aim to present a low budget version of the experiment which still provides a high accuracy and is simple enough to be accessible for average undergraduate students. We believe that analogously many educational experiments could be redesigned for 3D printing or open hardware and made available to the physics community, thus helping to improve the overall quality of physics education.
